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Analytical supercritical fluid extraction (SFE) is finding widespread application in the analysis of food-
stuffs, agriculturally derived materials, and natural products. The high efficacy that SFE demonstrates
toward the removal of oils and fats from such matrices makes it a natural technique for the determination
of their fat and oil content. In this review, we have highlighted what is essential experimentally to optimize
the SFE of fat and other lipid moieties from meats, oilseeds, snack foods, and cereal products. The role of
extraction pressure/temperature and sample preparation before SFE is particularly emphasized as well as
the inclusion of sorbents into the extraction process for controlling the molecular specificity of the
extraction or the coextraction of water. Application of analytical SFE for total and speciated fat determi-
nation is cited for both home-built as well as both manual and automated commercial instrumentation.
Finally, an appraisal of the future of the technique is made with respect 1o its acceptance as an official
analytical method and the crucial interface between the end-user and the instrumentation companies that

produce the analysis modules.
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Introduction
Fat: definition and determination

Interest in dietary fat is widespread. Consumers, industrial food processors, and governmental
agencies all have an intense interest in fat, although for very different reasons. Consumers are
concerned with the reduction in the intake of total fat, saturated fat, and cholesterol for im-
proving human health (Chao er al., 1991). Fat control is necessary for food processors who must
strive to meet consumer demands for products containing less fat (i.e. ‘‘fat-free”’ or ‘‘low-fat™
foods) as well as to maintain costs and to comply with labeling requirements. Governmental
agencies must have suitable methods for fat determination to assure accurate labeling of food
products. Although the determination of fat content is one of the most common analyses
performed in a foodstuffs laboratory, the quantitative extraction and analysis of fat is far from
straightforward (Lumley and Colwell, 1991). With the ever-increasing range of processed,
composite, and novel foods available, the analyst faces an increasingly difficult task of selecting
an appropriate method for fat determination.

Impacr of NLEA

As a result of the Nutritional Labeling Act (NLEA) of 1990, total fat is currently defined as the
sum of all fatty acids obtained from total lipid extract expressed as triglycerides (Federal
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Register, 1993a). The NLEA protocol consists of the following steps: 1) a hydrolytic treatment:
2} solvent extraction of lipids: and 3) the preparation of fatty acid methy! esters (FAMEs) for
gas-liquid chromatography (GL.C) and the guantitation of saturated and unsaturated fat after
stoichiometric conversion of FAMEs o triglycerides. To date, however, there is only one
method (i.e. House er al., 1994), approved by the Association of Official Analytical Chemists
International (AOAC). using this definition of fat.

According to the NLEA definition, fat determination begins with the isolation of the lipid.
Although the terms fat and lipid are often used interchangeably, they are not equivalent. The
classical definition of lipid refers to any of various substances that are soluble in organic
solvents including mono-, di-, and triglycerides, free fatty acids, phospholipids, sterols. lipo-
proteins, waxes, and hydrocarbons (Maxwell, 1987; Lumley and Colwell. 1991). This definition
of lipids could include organic soluble substances such as carbohydrates (i.e. sugars or starches)
and amino acids or peptides (Lumley and Colwell, 1991). Clearly a lipid extract could contain
much more than NLEA would define as fat.

There are two types of lipids, free and ‘‘bound,”” which together constitute total lipid. Free
lipid components often occur in storage tissue and are easily extracted, if the sample is dry and
well ground to enable solvent penetration (Lumiey and Colwell, 1991). Free lipid may be
determined by a simple extraction with a nonpolar solvent (e.g. hexane), whereas total lipid may
involve a combination of solvents (e.g. nonpolar and polar) {Finney et al, 1976) or sample
hydrolysis/digestion (McGhee et al., 1974) 1o extract bound lipid. Although fat derived from
meat potentially contains some polar lipids (Maxwell, 1987), bound lipids are generally asso-
ciated with cereal grains (Inkpen and Quackenbush, 1969; McGhee er al., 1974). Whether free
or bound lipids are extracted, the extract will aimost certainly contain components that do not
fit the NLEA definition of fat (Lumley and Colwell, 1991).

Uncertainties in “‘fat’’ determination

Historically, and even currently, many methods determine fat (more properly lipid) content by
gravimetric measurements. Although these methods have been in use a long time, their accuracy
is questionable, and they do not provide any information on the types of fats present, such as
saturated fats (which is required by the NLEA for food labeling). There are a number of
gravimetric methods available for measuring fat, however, the material that is extracted and
called fat is dependent on the particular method used (Carpenter er al., 1993). Current methods
furnish extracts that are dependent on the solvent used, the extraction time, the type of food, the
particle size, the temperature of extraction, and the proportion of lipid classes present (McGhee
et al., 1974; Maxwell, 1987). Because the extraction of lipids depends on the solvent used, the
choice of solvent is one of the most critical steps in the determination of fat (Finney et al., 1976;
Hubbard et al., 1977). Solvents such as petroleum ether, diethyl ether, and tetrachloroethylene
extract triglycerides, but not phospholipids or free fatty acids, potentially underestimating fat
content (Carpenter er al., 1993). Although hexane and petroleum ether do not extract starches,
protein, or water, diethyl ether is a better solvent for fat (Lumley and Colwell, 1991). However,
ether extraction methods may underestimate the amount of fat in some bakery products
(Hertwig, 1923), and diethyl ether has the disadvantage that it will absorb water.

On the other hand, it has been recognized for some time that some extracts do not contain pure
triglycerides (Lepper and Waterman, 1925). More polar solvents such as chioroform-methanol
extract triglycerides as well as mono- and diglycerides, phospholipids, terpenes, waxes, and
nonlipid materials (McGhee et al., 1974; Hubbard et al., 1977). Inkpen and Quackenbush (1969)
reported that the polar solvent (chloroform-ethanol-water) extracted substantial amounts of
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nonlipid material from wheat products and that this solvent did not extract bound lipids as shown
by subsequent acid hydrolysis of the residue. Hagan er al. (1967) reported that a solvent extract
of an acid-hydrolyzed meat sample contained nonfat material in addition to the fat. Acid
hydrolysis before ether exiraction may lead to high fat (gravimetric) values due to the extraction
of sugar or sugar byproducts (McGhee ez al., 1974), especially for grain products. Inkpen and
Quackenbush (1969) recognized that even though a given solvent may yield an equivalent
amount of total lipid as that obtained using a hydrolytic treatment, it does not constitute evidence
of complete extraction of total lipids by such solvents. '

Hydrolysis methods

The direct extraction of composite foods (e.g. egg noodle or bread) with ether gives fat values
considerably less than those for the combined fat of the ingredients composing the product
(Hertwig, 1923). Apparently the ether does not penetrate the glutenous particles sufficiently to
extract all the fat (Hertwig, 1923). Disintegration of the sample with an acid and heat hydrolyzes
the proteins and starch, disrupts the plant cell walls, and liberates the fat, so as 10 allow its easy
extraction (Hertwig, 1923). There are many methods using hydrolysis before actual extraction.
The purpose of the hydrolysis/digestion is to release bound lipids (Inkpen and Quackenbush,
1969). Acids, bases, and enzymes are used to hydrolyze proteins, polysaccharides, and complex
lipids to make the fats more available to the solvent. The acid method of Hertwig (1923)
hydrolyzed phospholipids and recovered practically all of the fat contained in the component
materials (Hertwig, 1923). A description of common hydrolysis methods for the analysis of fat
from food have been summarized from Lumley and Colwell (1991) and Carpenter et al. (1993).
A tabulation of the more prominent methods are as follows.

Weibuli-Berntrop

This procedure involves hydrochloric acid digestion, passing the digest through filter paper,
drying the filter paper, extracting the filter paper in a soxhlet-type extractor, evaporating the
solvent, and obtaining a subsequent gravimetric determination. Although this method is useful
for releasing bound lipids from composite products, it has many manipulative steps, it uses large
amounts of solvents, and acid digestion may produce nonfat ether extractables.

Werner-Schmid

Like the Weibull-Berntrop method, this procedure involves hydrochloric acid digestion. How-
ever, the fat is extracted directly from the digest using Mojonnier-type flasks. This method also
uses large amounts of solvents, and acid digestion may produce nonfat ether extractables.

Roese-Gortlieb and Mojonnier

The Roese-Gottlieb and Mojonnier methods are often used for the extraction of fat from dairy
products and involve the precipitation and solubilization of protein by ethanol and ammonia,
respectively, and solubilization fats in petroleum ether and diethyl ether. The Roese-Gottlieb
method cannot be used for some cheese because the protein is not soluble in ethanolic ammonia
and some fatty acid moieties are not extracted from the ammoniacal phase by the petroleum
ether-diethyl ether mixture. This method also uses large amounts of solvents, acid digestion may
produce nonfat ether extractables, and not all fat is extracted from the ammoniacal phase.
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Folch and Bligh-Dver

These procedures involve the homogenization of the sample mixture with a mixture of chlo-
roform:methanol:water. Several extraction, washing, and filtration steps are involved. The ratio
of chloroform:methanol:water is critical for quantitative lipid extraction and 10 avoid the ex-
traction of nonlipid materials.

Fat level in the matrix and the impact of minor lipid constituents

The contribution of nonfat materials can become a serious issue in low-fat products (Carpenter
et al., 1993). An extraction after hydrolysis of low-fat bakery goods may yield a relatively high
amount of sugars but very little actual fat.

On the other hand, for products known to contain only small amounts of polar lipids (e.g.
phospholipids) or bound lipids (i.e. total lipids essentially equal to free lipids) it may be
reasonable to ignore their contributions and skip extraction with a polar solvents or a hydrolysis
step. For example, the phosphatide content of rapeseed is only 0.1%. However, the phosphatide
content of beef brain is 6.1% (Swern, 1964) and constitutes a significant portion of the total lipid
extract.

Gravimetric methods that give statistically ‘‘equivalent”’ results may actually have extracted
different amounts of fat, as well as different amounts of ‘‘other’’ materials (e.g. sugars), and
may only fortuitously give equivalent total weights. Conversely, methods that give ‘‘different””
fat values may actually have removed equivalent amounts of fat but different amounts of other
material. Because fat extracts using various solvents, both with and without hydrolysis, may
contain nonfats (McGhee er al., 1974), they should be analyzed for their nonfat content. There-
fore, when comparing fat methods, it is necessary to use an analytical technique specific for fatty
acids (e.g. a GC-FAME) to determine the actual amount of fat present. If total fat is to be
determined, a method that removes bound as well as free lipids should be used.

Importance of fat-specific analysis

The selective extraction of only the analyte of interest away from interfering components is
relatively rare and, in general, the analyte of interest is coextracted with interfering compounds
(King, 1989). SFE is not immune to wide variations in gravimetrically determined fat values
either. Gravimetric fat values ranging from 10.7 to 19.6 weight percent were reported for a
ground turkey sample, depending on the SFE extraction conditions, modifiers used, etc. (King,
1994). If the extraction method extracts both the analyte of interest and the interfering com-
pounds, the relative amounts of these components must be determined before the true amount
of analyte can be determined. In some cases, a chromatographic technique may be used to
separate and guantify all extract components. However, in most cases, the components are not
compatible on the same chromatographic system (e.g. sugars and fats by GC) and must be
separated before analysis. Although mixtures containing components such as mono- and tri-
glycerides cannot be analyzed by gas chromatography, complex mixtures containing nonpolar
to moderately polar compounds with molecular weights between 100 to 1000 Da can be
analyzed by SFC without derivatization (King, 1990). In our laboratory, we have found SFC an
invaluable tool for the analysis of mixtures not easily analyzed in any other way. We routinely
use SFC to analyze lipid mixes containing free fatty acids, FAMEs, mono-, di-, and/or triglyc-
erides. Sheppard er al. (1974), using a GC-FAME method, reported that for several food
products, an HCI digestion followed by ether extraction was the most effective fat extraction
method.
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Problems with traditional organic solvent-based extractions

Current extraction methods, such as soxhlet, generally use large quantities of organic solvents
{e.g. hexane, chloroform, or ether) (e.g. House er al, 1994) and require evaporation of the
solvent before subsequent gravimetric determination (Lumley and Colwell, 1991). In addition.
soxhlet methods may not extract bound lipids and require long extraction times, and the amount
of lipids extracted may be dependent on the solvent used, the drying method, and the fat content
of the sample (Hagan er al., 1967). These solvents are also potential hazards to both users and
the environment.

SFE: importance/basis of the technique
Pertinent regulatory legislation

Because of their adverse environmental impact, the Environmental Protection Agency (EPA)
has directed government agencies to reduce their consumption of organic solvents in Federal
laboratories (Federal Register, 1993b). In addition, the costs of both purchase and disposal of
these solvents has stimulated interest in alternative methods that use fewer organic solvents. Our
research group has been investigating supercritical fluid extraction (SFE) as an alternative to
solvent-based extraction methods.

Comparison with traditional methods

Supercritical fluids possess unique solvent properties, including diffusivities similar to gases and
solvating strengths approaching those of liquids. In addition, there is the possibility to adjust the
solvent power (and control the selectivity) of a supercritical fluid by adjusting the pressure and
temperature (Stahl ez al., 1980). Although various kinds of supercritical fluids have been studied
(Wilke, 1978), most work has been done on carbon dioxide (Yamaguchi et al,, 1986), and our
discussion of the SFE of fat will be limited to supercritical carbon dioxide (SC-CO,).

The use of SC-CO, has many advantages. Carbon dioxide is relatively nontoxic, is noncom-
bustible, has a low critical temperature (31°C), and is cheap (Yamaguchi er al,, 1986). SFE
methods employing SC-CO, are environmentally benign, can resuit in reduced extraction times,
and can be automnated (Lehotay ef al.,, 1995). In addition, SC-CO, can be removed easily from
the extract (i.e. no solvent residue), and there are no costs associated with solvent waste disposal
(Stahl er al., 1980). :

The decreased use of organic solvents associated with SC-CO, extractions can reduce the
exposure of lab personnel to both the health- and safety-related problems of organic solvents.
Fat recoveries for SFE and solvent-based extraction methods are in good agreement (Taylor et
al., 1993), and the precision of analytical SFE is comparable to that of traditional organic
solvent-based methods, and in some cases is better (King er al.,, 1996).

SFE: application of the technique

Apparatus required and instrumentation available
Because the equipment required to perform supercritical extractions is somewhat sophisticated,
the initial costs of SFE equipment is generally higher than that for other ‘‘standard’’ extraction

methods such as soxhlet. Although SFE equipment can be self-assembled relatively easily (our
laboratory routinely uses home-built extractors to perform a variety of SFE experiments, e.g.



150 Eller and King

King er al., 1995), most labs do not have the expertise or desire to fabricate such equipment and
prefer to purchase SFEs from a manufacturer. Fortunately, a variety of commercial SFE units
are available from several vendors. Generically speaking, an analytical supercritical fluid ex-
tractor consists of a fluid delivery module, a source of fluid (e.g. CO,), an extraction cell, a back
pressure regulating device, and a collector for trapping the analyte.

Fluid delivery module

There are a plethora of fluid delivery devices, including diaphragm compressors, gas or liquid
booster pumps, reciprocating piston pumps, syringe pumps, and thermal pumps. Each device has
its own merits and limitations, but some general principles are worth consideration. Most
syringe pumps and plunger-based pumps require an external cooling source to assure liquefac-
tion of the fluid and avoidance of cavitation at the pump head. One commercial unit uses dry
CO, for cryogenic cooling (i.e. Joule-Thomson effect) of the pump heads. Although effective,
this method is cumbersome, inconvenient, and somewhat costly. We find that the use of
recirculating water baths is very effective and is the most convenient method of cooling the
pump heads. Some manufacturers, to avoid cooling the pump heads, suggest the use of helium
headspace CO, as a pressure pad in the gas cylinder. This design has several disadvantages,
including the added cost of this type of CO,, the decreased amount of CO, available, and the
decreased solubility of some analytes (including lipid moieties) in the CO, pressurized with
helium (King et al., 1995). In addition, the solvation power of CO, from tanks pressurized with
helium changes as the tank is emptied (Zhang and King, 1997, in press), and this should be taken
into account when performing extractions with this type of CO,.

Source of fluid

The purity of the CO, used for extraction can be very important to avoid the potential addition
of interferences. Aithough CO, manufacturers do provide SFE grades (ca. 1 ppb nonvolatile
hydrocarbon residue) of CO,, these grades can be very expensive (Taylor, 1996) and are subject
to availability and delivery schedules. Because of this, there is a real need for the development
of sorbent-based gas purification systems to attach to extraction modules (King and Hopper,
1992). It should be noted that gravimetric-based SFE determinations do not require ultrapure
CO,.

Cosolvents (modifiers)
The need to use small quantities of organic solvents in many SFE procedures has become
apparent as the technique has matured (King, 1993b). These cosolvents are generally used to
increase the solubility of the analyte or possibly to increase the separation of coextractives (King
and France, 1992). Cosolvents such as ethanol have been used to increase the solubility of
phospholipids in SC-CQO, (Temelli, 1992; Montanari et al., 1996). Performing SFE with cosol-
vents usually results in a higher weight percent of fat over that recorded with pure CO,.
Cosolvents can be added directly to the extraction cell, added to the CO, flow using a second
pump, or added with the CO, from a premixed cylinder. When modifiers are added to the
extraction cell, their effects are limited to the time they are present, and they end when they are
removed by the CO,. With premixed cylinders, the concentration of the modifier can change as
the cylinder is emptied, having significam effects on its solvating power. Several commercial
instruments have the capability of continuous addition of cosolvent during an extraction.

Extraction cell
All of the commercial extraction cells are designed to hold solid samples, although there are
instances where the ability to extract a liquid sample would be useful. For quantitative extrac-
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tions. large samples generally require longer extraction times. Therefore. smaller samples are
preferred unless larger samples are required to insure sample homogeneity or to provide the
required analytical sensitivity (Hawthorne, 1990). The maximum cell sizes compatible with
commercially available equipment are somewhat limited, especially for the automated units,
ranging from 0.5-10 mL. The small sample sizes that can be extracted can be a problem (King,
1993b), especially for samples with low levels of fat or those that may require the addition of
some adsorbent, such as pelletized diatomaceous earth (Hopper and King, 1991). In cases where
the sample alone does not fill the extraction cell, it is generally recommended that the void
volume be filled with some inert material such as glass wool, glass beads, or Hydromatrix. This
preventis channeling of the solvent through the cell and also reduces the volume of solvent
required for the extraction. Care should also be taken not to overfill the extraction cell, which
may also lead to incomplete extraction of the analyte.

Back pressure regulating device

Although back pressure control can be accomplished using either fixed restrictors or variable
restrictors, commercial SFEs generally use variable flow restrictors. Restrictors on some com-
mercial SFEs provide automated variable flow control, and some are heated to prevent clogging
by ice or freezing of other solutes. The restrictor is the most frequent trouble spot of an SFE
instrument, and low recoveries can often be attributed 1o clogged or partially blocked restrictors
{McNally, 1996).

Collection

Optimization of the collection step may be the most important step in the development of a SFE
method (Lehotay, 1997, in press). The various commercial SFEs have a variety of means of
sample collection. SFE effluents may be collected by direct depressurization into an empty vial,
into solvent, or the effluent may be collected on inert supports (e.g. glass beads) or on active
sorbents (e.g. silica or bonded phases) and subsequently eluted with a liquid solvent (Haw-
thorne, 1990; Taylor, 1996). Although most commercial SFEs allow the collection of an extract
free of solvent, some are designed such that the extract is deposited on a trap that must
subsequently be rinsed with a liquid solvent. Two commercial SFE units are designed with this
type of ““trap.”’ These trap systems may increase the likelihood of carry-over between samples
and eliminating the possibility of a solvent-free extract. One system has a long, unheated, coiled
PEEK (polyetheretherketone) transfer line from the trap to the collection vial, where saturated
fat tends to solidify and plug this line, leading to the loss of analyte through the solvent rinse
line or through the over-pressure relief valve. On some SFEs, it is also possible to control the
temperature of the collection vial to improve the efficiency. One unit allows for the pressurized
collection of analytes in the collection vial, and one allows the addition of solvent to the
collection vial to replenish that lost with the expanded CO, flow. For one SFE unit, it is
recommended that analyte be collected in vials packed with glass wool. Although this unit is
designed for measuring fat gravimetrically, it would very difficult to remove the fat for chro-
matographic analysis, if so desired. It has been our experience that direct depressurization into
an empty test tube is generally sufficient for collecting extracted fat (King ez al., 1995).

Role of support analytical methodology

Supercritical extractions can be performed either ‘‘off-line’’ (i.e. separate from) of the subse-
quent analytical technique or ‘‘on-line”’ (i.e. directly connected to). On-line techniques elimi-
nate the need to handle the sample between extraction and analysis (Hawthorne, 1990), how-
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ever, because on-line techniques are in general more complex and difficult to implement and
require the continual commitment of analysis equipment, most supercritical extractions are done
off-line from the subsequent analytical method (Taylor, 1996). Examples of the on-line com-
bination of SFE and high-performance liquid chromatography (HPLC) (Unger and Roumeliotis,
1983; Engelhardt and Gargus, 1988), capillary GC (Hawthome and Miller, 1987) and (on-line)
GC/MS (Snyder et al., 1993), SFC-packed column (Sugiyama er al,, 1985; Engelhardt and
Gross, 1988; McNally and Wheeler, 1988), SFC-capillary (Gmuer er al., 1987a: King, 1990)
have been reported. A variety of detectors have been used in SFC. Examples include ultraviolet
(UV) (Sugiyama er al., 1985), mass spectrometry (MS) (Smith er al., 1984), Fourier transform
infrared spectroscopy (FTIR) (Shafer and Griffiths, 1983; Yang et al., 1991), and flame ion-
ization detection (FID) (Rawdon, 1984). There is a commercially available SFE-IR for the
analysis of fats (see the previous article in this issue).

Sample preparation/extraction/collection/reaction
Mazrrix effects: lipid distribution/association of fat with other components

Matrix characteristics that affect classical liquid-liquid or liquid-solid extraction also influence
the efficiency of SFE (McNally, 1996). In SFE, as in most extraction procedures, the effects of
the sample matrix are the least understood. Variability of matrix type and the physical and
chemical complexity of matrices can make extractions difficult (McNally, 1995). Although the
distribution of lipids within foods is often ignored, it can have significant effects on the extraction
of the lipids from the foods (Fritsch, 1994). In low-fat foods, the lipids are generally in a
noncontinuous lipid phase dispersed within polar components (e.g. polysaccharides or proteins),
similar to an oil-in-water emulsion (Fritsch, 1994). These polar compounds may form a barrier
and may preclude the complete extraction of lipids, because the lipids must be transported across
this layer before they can be removed by the solvent. In bread dough, the gluten proteins form
a lipoprotein complex that is impermeable to some solvents and precludes complete extraction
of lipids (Finney et al., 1976). However, in high-fat foods, the lipid phase is usually continuous
with polar components dispersed within the fat. In these cases, the solvent has direct contact
with the lipids, making their subsequent extraction easier.

Although SC-CO, is more effective at extracting bound lipids than hexane (Christianson et
al., 1984), it does not remove them completely either. As with organic solvent extractions, to
determine ‘‘total lipid™’ a digestion step is often required to release bound lipids. Because
phospholipids are insoluble in SC-CO, (Friedrich er al., 1982; Yamaguchi er al., 1986; Fattori
et al., 1987), phospholipids (and the fatry acids they contain) are absent in these extracts and
subsequently are not available for measurement of ‘‘total’’ fat as defined by NLEA. Although
this is a potential benefit to oil producers (i.e. the oils do not need to be degummed) and-it may
be an effective means of separating these components for separate analyses, they are not
measured together as total fat. Lipids of aquatic organisms are high in phospholipids (Yamagu-
chi er al., 1986), and these would be absent in a SC-CO, extract without a prior hydrolysis step
or suitable modifier. -

Comminution of the sample

The apparent fat content can be affected by the particle size extracted. Both Finney e al. (1976)
and McGhee er al. (1974), using organic solvents, reported improved fat extraction with smaller
particle sizes, presumably a result of the more intimate contact of the solvent with the lipid in
the sample. Similarly, Stahl er al. (1980), using supercritical CO,, reported that fats were most
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easily removed from small particles. In addition, King er al., (1989) reported that trigiycerides
were more rapidly extracted from ground samples than unground samples, and Snyder er al.
(1984) reported that the supercritical extraction of oilseeds was much higher for ground and
flaked seeds than for cracked seeds.

Effect of water content

Although the addition of water improves the supercritical extraction of caffeine from coffee
(Zosel, 1980), the presence of water seems to have little effect on the SFE of oils (Snyder e al.,
1984; Christianson ef al., 1984). For nonpolar analytes (e.g. triglycerides), the presence of water
1s generally detrimental (McNally, 1995). Hopper and King (1991) state that samples containing
more than 10% water can interfere with the SFE of lipids from many sample types. King er al.
(1989; King, 1994) reported that fats were more effectively extracted from dried meat samples
than wet samples. Snyder er al. (1997, in press) found that water inhibited the enzymatic
transesterification of fats using SFE-SFR. It seems that a partial dehydration of the sample
matrix allows a more rapid and complete SFE to be performed. This is due to the fact that
hydrophilic matrices inhibit contact between the supercritical fluid and the target analyte (King
and France, 1992).

In addition to its potential negative effects on lipid extraction, water is somewhat soluble in
SC-CO, (Evelein et al., 1976), and this may give somewhat inflated gravimetric fat determi-
nations due to this coextracted water. Taylor et al. (1993) gives a graph of the solubility of water
in CO, for various temperature-pressure combinations. It is recommended that collected
samples be given a quick rotary evaporation (Taylor ef al., 1993) or that the collected oil be
heated, either with sparging or rotary evaporation (King et al., 1993a) to remove coextracted
water.

King et al. (1993a) found that the weight loss of material in the extractor exceeded the weight
of material collected. This was due to extraction of water from the matrix. Because of the
solubility of water in CO,, it is not recommended that fat content be estimated based on the
difference between weight before and after SFE.

Control of water during SFE

Although it is possible to remove moisture from samples by freeze drying, this method is
somewhat expensive, time consuming, and may cause the loss of volatile analytes (Hopper and
King, 1991). If heat is used to dry the sample before extraction, the heat may cause the loss of
the more volatile lower chain fatty acids or cause air oxidation of unsaturated components
(Carpenter et al., 1993), or possibly may cause the polymerization of oils (Firestone, 1963). For
this reason, dehydrating sorbents or extraction enhancers have been developed for use with SFE.
Hopper and King (1991) reported the enhanced SFE of a variety of foods by mixing the matrix
with Hydromatrix (Celite 566) (i.e. pelletized diatomaceous earth) before extraction. This pat-
ented process (Hopper and King, 1992), makes a free-flowing mixture, and improved SFE is
thought to be a result of the absorption of water, the dispersement of the sample, and the
reduction of channeling through the extraction cell (Hopper and King, 1991). However, de-
pending on the percentage of water in the sample, such enhancers can limit the amount of actual
sample that can be added to the extraction cell (Hopper and King, 1991). Other materials that
have been used to dehydrate the sample include sodium sulfate and calcium sulfate.

Sample fractionation in SFE
Adsorption as a complimentary process to SFE confers an extra degree of flexibility in segre-
gating and fractionating solutes dissolved in the fluid phase (King er al, 1988). King (1987)
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discusses the use of adsorbents such as activated carbon, ion exchange resins, alumina. and
porous polymers. Selectivity can be enhanced for an analyte by incorporating adsorbents in siru
or after the initial extraction (King and Hopper, 1992). The use of sorbent-based technologies,
either integrated into the SFE step or used after SFE appear to be the most promising cleanup
technologies (King, 1993b). King (1989) discusses possible means such as the use of sorbents
10 retain and/or separate analytes of interest from interferences.

Although it is generally desirable to extract the analyte of interest from the matrix, leaving
behind interfering compounds as well, it is possible 10 extract the unwanted interfering com-
pounds, leaving behind the analyte of interest, a form of “‘inverse SFE'’ (King and Hopper.
1992). This type of sample cleanup has already been demonstrated on an engineering scale, and
it offers the possibility of isolating analytes from interfering components (King and Hopper,
1992).

Carbon dioxide is soluble in triglycerides (Brunner and Peter, 1982) and may be imbibed in
the collected oil and fat afier SFE. Hence, this dissolved CO, can give high gravimetric fat
values if not removed (e.g. by rotary evaporation) from the oil before being weighed (Taylor ez
al., 1993).

Optimum extraction conditions: solubility of lipids in SC-CO,

In general, the solubility of triglycerides increases with both extraction temperature and pres-
sure, although there is an inversion in the solubility-temperature relationships as a function of
pressure (Stahl et al, 1980; Friedrich er al,, 1982; DeFilippi, 1982) (Figure 1). Because the
solubility of triglycerides increases greatly with pressure, supercritical fluid extractions of fat are
most efficiently done at high pressures. An example of the importance of extraction pressure and
temperature on the quantity of fluid required for SFE is shown in Figure 2, where the weight
percent solubility of triglycerides is plotted versus the mass of CO, used. Here the obvious
benefit of extracting at 12,000 psi and 80°C versus 8,000 psi and 50°C is apparent, because the
quantity of CO, required and the time to complete the extraction is minimized at a higher
pressure and temperature. Although some SFEs have a high maximum operating pressure (e.g.
9,500 or 10,000 psi), others have much lower maximum pressure capabilities (e.g. 5,500 or
6,000 psi), limiting the achievement of the maximum solubility of triglycerides in SC-CO,.
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Fig. 1. Solubility of soybean oil triglycerides in supercritical CO, as a function of pressure and
temperature.
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Fig. 2. Solubility of cottonseed oil triglycerides versus mass of CO, passed through seed bed.

It should be noted that there can be some discrimination with respect to fatty acid chain length
during the SFE of fatty acids. The solubility of C,, and C,, fatty acids was less than that of
shorter chain fatty acids during their extraction from canola (Fattori et al., 1987). The later
fractions contained a higher percentage of C,, and C,, fatty acids than the earlier fractions,
which would lead to an incorrect determination of the fatty acid profile. Although this may be
minimal during the SFE of FAME derivatives, it is very important to determine the length of
extraction required to quantitatively remove all of the target analyte. Using some of the highly
automated commercial SFE equipment, method optimization studies can be conducted very
easily and quickly.

Optimizing collection conditions

In general, the quantitative collection of analytes is easier at lower flow rates (Hawthorne,
1990). However, there is a trade-off between collection efficiency and speed of extraction, and
an appropriate compromise may be required.

Method development and optimization can be performed rapidly and relatively easily with
automatic SFEs, which can be used to compare an array of parameters such as extraction
temperature, pressure, static extraction time, dynamic extraction time, flow rate, restrictor tem-
perature, collector temperature, modifier addition, and pressurized collectors (McNally, 1996).

Supercritical fluid reaction

A sequential supercritical fluid extraction-supercritical fluid reaction (SFE-SFR) method using
enzymatic transesterification has been described for GC-FAME analysis of meat (Snyder et al.,
1996) and oilseeds (Snyder et al., 1997). This one-step extraction/transesterification is a very
efficient and convenient method for the analysis of fats according to NLEA requirements. An
example of the results obtained by this method and their comparison to results determined using
conventional solvent exiraction are noted in Table 1 for various meat samples (Snyder er al.,
1996).
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Table 1. Comparison of Total Fat Results from SFE/SFR Method and Conventional Solvent
Extraction Method

Sample Weight percent of total far (RSD)?
SFE/SFR Solvent extraction

Bacon 39.4(3.4) 38.7(1.7)
Beef (low fat) 11.2 (5.5) 12.8 (5.6)
Beef (medium fat) 20.6 (2.3) 21.8 (4.5)
Beef (high fat) 28.8 (2.3) 28.6 (3.7)
Ham (low fat) 9.9 (5.5) 10.0 (3.)
Ham (high fat) 16.5 4.1) 17.1 (0.8)
Sausage (low fat) 11.1(6.8) 9.1 (2.3)
Sausage (medium fat) 15.8 (3.7) 13.9(3.3)
Sausage (high fat) 20.6 (6.1) 20.3(2.2)

*RSD) = Relative Standard Deviation, n = 3.

Examples of SFE of foods for fat assay
Oilseeds

Triglycerides have been extracted from soybeans (Stahl er al., 1980; Friedrich et al., 1982;
Snyder et al., 1984; List et al., 1989; Taylor et al., 1993), canola (Stahl er al., 1980; Friedrich
et al., 1982; Fattori et al., 1987; Taylor et al., 1993), com (List ez al., 1989; Taylor er al., 1993;
Christianson er al., 1984), cottonseed (List er al., 1989; Snyder et al., 1984), peanuts (Snyder et
al., 1984), and coconut (Brannolte er al., 1983). An excellent example of analytical SFE for
three different oilseed types is provided by Taylor et al., (1993) in Table 2. Here it can be seen
that the SFE results agree well with those obtained by an ‘‘official”” Soxhlet method using
gravimimetry to determine the final oil yield.

Meat

Although there have been a fair number of studies using SFE to extract fat from plant products,
applications of SFE to animal sources are somewhat more limited. Yamaguchi et al. (1986) and
Hardardottir and Kinsella (1988) extracted triglycerides from dehydrated fish muscle. King er
al. (1989) reported the efficient SFE of fats from meat samples ranging in fat content from
2-35%. Chao et al. (1991) extracted triglycerides from ground beef. Lembke and Engelhardt
(1993) conducted an SFE of fats retained on filter paper from meat hydrolysate. Sawyer (1993)

Table 2. Analytical-Scale Extraction of Various Seed Qil Commodities: SFE versus Soxhfet

Sample Weight percent of recovery (£ SD)

SFE* - Soxhlet®
Soybean flakes 20.6 (x0.2) 20.5(£0.2)
Canola 39.8 (£ 0.5) 40.5 (£ 0.5)
Wet-milled corn germ 489 (£ 0.5) 504 (£ 1.3)
n = 4,
bn = 3,
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reported the efficient SFE of fat from pork sausage meat. For ground beef samples. King (1994)
and King ez al. (1996) reported that gravimetrically determined SFE fat values and GC-FAME
fat values. respectively, were nearly identical to those determined by solvent extraction and
GC-FAME analysis.

Dairy products

SFE has been used to extract fat from butter (Kaufmann er al., 1982; Gmuer .er al., 1987b),
_cheese (Gmuer er al., 1987b; Sawyer 1993), and milk (Arul et al., 1987). Froning et al., (1990)
used SFE to extract lipids from eggs.

Snack foods

Hopper and King (1991) report the exiraction of fat from peanut butier as well as other foods,
and Sawyer (1993) reported the exiraction of fat from corn chips. An example of SFE for this
application is shown in Table 3. These were obtained from extractions performed in our labo-
ratory on snack foods where fat content ranged from 2-50 weight percent.

Cereals and baked goods

For several types of bakery goods, Bowadt (unpublished manuscript) has found excellent
agreement between an SFE method using acid hydrolysis and an ethanol modifier to results
obtained using acid hydrolysis and standard organic solvents {(Gelroth, unpublished manuscript).

Porential application to other lipid moieties ‘

Other lipids, such as sterols, are soluble in SC-CQO, (King, 1983; Chrastjl, 1982). Although not
soluble in SC-CO, alone (Friedrich et al., 1982), phospholipids can be solubilized easily by the
addition of modifiers, such as ethanol (Temelli, 1992; Montanari ef al., 1996). Chao et al. (1991)
reported the SC-CO, extraction of cholesterol from ground beef. Bradley (1989) and Ong er al.
(1990) reported the SFE of cholesterol from milk fat and eggs, respectively. Artz and Myers
(1995) have also reported the SFE of acetylated monoglycerides.

Future prospectus
Can industry meet the challenge?

Although SFE was first demonstrated to be a highly accurate and reproducible technique on
noncommercial instruments, SFE methods will never be adopted for routine use unless they can

Table 3. Weight Percent Fat in Snack Food Products as
Determined by Analytical Supercritical Fluid Extraction

Sample Weight percent recovery
Fat-free oatmeal raisin cookies 1.78

Com chips 19.6

Potato chips 22.6 -
M & M peanut chocolates 24.7

Frosted butter cookies 25.9

Cheese curls 32.8

Cheddar cheese 333

Ripple style potato chips 34.5

Peanut butter 495
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be translated to commercial models (King er al., 1993b). Analytical SFE is currently undergoing
a transition from laboratories conducting basic research to those conducting method develop-
ment as well as the analysis of real samples (McNally, 1995). There are currently several
manufacturers of commercial SFEs available, and each extractor has its own specific strengths
and weaknesses. The most versatile SFE in terms of varied sample size is a single sample unit
employing a manual restrictor. The available automated units are the least versatile in terms of
sample size and collection methods (see Lehotay, 1997, in press). One commercial unit that does
parallel (batch) extractions, can handle up to nine samples at once (requiring 3 extractors with
3 extraction cells each) and can give replicate analyses very quickly. Because of these differ-
ences in equipment and user needs, specific commercial instruments may be better suited to a
specific method (King er al., 1993b).

Can awtomation meet the challenge?

Laboratories that routinely analyze large numbers of samples, (e.g. quality control or regulatory
labs) have a need for automated systems, and the need for such equipment that can automatically
process large numbers of samples has been recognized for some time (King, 1993b). Manu-
facturers have moved quickly to develop commercial SFE instruments capable of the analysis
of multiple samples either in a parallel (batch) or serial mode. The recent introduction of
automated commercial SFEs capable of extracting large numbers of samples (i.e. up to 24 or 44)
sequentially was required by labs needing to conduct analyses on large numbers of samples.

The availability of such commercial instrumentation that can be applied to a wide variety of
sample matrices and analytical problems should accelerate the growth of SFE techniques (King
et al., 1993b). Although these recent instrument developments portend a promising future for
SFE analysis of fat (King and France, 1992), the recent exodus of several companies from this
field may limit the options available to the analyst. On the other hand, interesting opportunities
exist for companies that can address the future needs of the field, particularly instrumentation
that can be used for both SFE and combinations with liquid extractions.

Collaborative studies to date

Although analytical SFE is a promising technique and instrumentation is available, acceptance
of an SFE method as a standard requires collaborative studies to verify its reproducibility (King,
1992; King, 1993a). Although several ‘‘round-robin’’ studies have been initiated by several
agencies (e.g. EPA, NIST, USDA) (King et al., 1993b), to date only one SFE-based method has
received approval by AOAC/AACC/AOCS for determining the fat content in oilseeds (no. Am
3-96). The validation of any method, including SFE, requires a great deal of time, effort, and
expense (Lehotay, 1997, in press), and our laboratory has experienced the difficulties associated
with undertaking such studies. However, if SFE is to remain a viable technique, more .effort
needs to be directed toward collaborative studies.

Although no single technique can solve the diversity of problems confronting the analytical
chemist, SFE has a rightful place among other sample preparation methods. Although legislated
reductions in solvent use may speed the implementation/growth/development/acceptance of
SFE, successful implementation and widespread acceptance of SFE will require that analysts
expand their horizons and trade in some of their conventional tools such as soxhiet extractors,
separatory funnels for extraction cells, and pressure monitors (King and Hopper, 1992). In
addition, advocates/proponents of SFE must continue to integrate SFE into established proto-
cols, thereby facilitating the transition of the technology to the analytical chemist (King and
Hopper, 1992). In addition, industrial and govermnmental laboratories must make their needs
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known to instrument manufacturers if the technique is to remain viable (King and Hopper.
1992). And finally, there needs to be increased communication, cooperation, and collaboration
between SFE vendors and analytical chemists to achieve the successful integration of this
promising technique into the repertoire of the analyst.
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EDITORIAL

Supercritical fluid techniques in
- analytical chemistry

This second issue of Seminars in Food Analysis is devoted to the application of supercri-
tical fluid techniques in analytical chemistry. Supercritical fluids have woven their way
into many traditional and new analytical and experimental techniques, such as chromatog-
raphy, extraction, nuclear magnetic resonance spectroscopy, immunoassay, infrared spec-
troscopy, field flow fractionation, and thermo-optical absorption. They have been used in
many hyphenated methods that read like an ‘‘alphabet soup’’: SFE-GPC, SFE-FTIR,
SFE-GC-MS, SPE-SFE-GC, SFE-SFC-FTIR-MS, and SFC-ICP-MS. However, most
analytical chemists or food analysts tend to identify the use of supercritical fluids for analysis
with two major techniques: supercritical fluid extraction (SFE) and supercritical fluid chroma-
tography (SFC). It should be noted that the first evidence of activity in the two above fields was
initiated in 1962 and 1977 for SFC and SFE, respectively; however, it was not until the early
1980s that SFC became a commercial reality and in the very late 1980s for SFE. One application
area in which both SFE and SFC have enjoyed considerable success is in the analysis of foods
and agricultural products. For this reason we have dedicated the current issue of Seminars in
Food Analysis to a state-of-the-art coverage on the use of supercritical fluids for the analysis of
foods.

Contributions from six distinguished authors highlight this issue, covering distinct areas
of application, a diverse array of target analytes, and other applicable analytical techni-
ques besides SFE and SFC. The successful application of SFE for the assay of pesticides in
fruits and vegetables has been elaborated on by Dr Steven Lehotay of USDA, using several
different types of commercial instrumentation. The power of infrared (IR) spectroscopy
combined with SFE for the characterization and quantification of lipid moieties is noted
by Dr Philip Liescheski of Isco, a company that has been prominent in addressing the equip-
ment needs of analysts using supercritical fluids in their research and methods develop-
"~ ment. Ms Christina Borch-Jensen of Denmark describes the use of SFE for oil and lipids
analysis, noting that SFC is not a panacea for every separation problem that the food analyst
faces.

Dr Alida Stolker’s (Bilthoven, The Netherlands) contribution documents the role that ana-
lytical SFE has played in the creation of a low solvent methodology for drug -and toxi-
cant residue analysis. She and colleague Dr Robert Maxwell of USDA’s Eastern Regional
Research Center have been particularly active in the integration of sorbent technology
into SFE-based protocols for the analyses of such analytes as anabolic steroids, sulfa
drugs, and mycotoxins. Dr Beth Calvey of FDA’s Center for Food Safety and Applied Nutrition
details her experience with coupling SFC and SFE with FTIR and MS, showing their application
to an extremely diverse and interesting array of food and toxicant analyses involving the
packaging of migrants, phytochemical chemicals, and mycotoxins. Finally, Drs Fred Eller and
Jerry King summarize the status of SFE methods for determining fat content in food stuffs,
noting ‘‘. .. that things are not always as they seem ..."’ when defining and measuring fat
content.
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In summary, we hope the reader, and more importantly the analyst. will find the contents of
this focus issue of relevance in their method development efforts. Supercritical fluid method-
ologies have much to offer the food analyst and can contribute to the protection of the envi-
ronment and the laboratory worker. For this additional reason, they should be impiementated
into the analytical chemistry laboratory whenever possible.

Jerry W. King .
Food Quality & Safety Research Unit, National Center for Agricultural Utilization Research.
Agricultural Research Service, USDA, 1815 N. Universiry Street, Peoria, IL 61604 USA



